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Background. Patients undergoing aortic operations with hypothermic circulatory arrest (HCA) may require prolonged rewarming, a maneuver associated with impaired cerebral blood flow (CBF) autoregulation. The purpose of this study was to determine the effects of HCA on CBF autoregulation with a validated method based on near-infrared spectroscopy.
Methods. Regional cerebral oxygen saturation (rScO 2 ) was monitored in 25 patients undergoing aortic reconstructive operations. HCA was used in 13 patients. Autoregulation was measured continuously during the operation by calculating the linear correlation coefficient between low-frequency changes in rScO 2 and mean arterial pressure (MAP), generating the variable cerebral oximetry index (COx). When CBF autoregulation is functional, COx is near 0, because CBF and MAP are not correlated, but approaches 1 when autoregulation is impaired (ie, CBF is pressure passive). On the basis of prior studies, impaired autoregulation was defined as COx exceeding 0.3.
Results. COx did not differ between HCA and non-HCA groups before cardiopulmonary bypass or during the cooling phase of the operation, although the lower limit of autoregulation tended to be lower in patients before HCA (p [ 0.053). During patient rewarming, COx was lower in the HCA group (p [ 0.045), and abnormal COx was less frequent (31% vs 75%, p [ 0.047) compared with the non-HCA group.
Conclusions. During aortic reconstructive operations, CBF autoregulation is preserved during the cooling phase of the procedure in patients undergoing HCA. Perfusion maneuvers associated with HCA may be protective against impaired autoregulation during rewarming compared with the non-HCA group.
(Ann Thorac Surg 2013;96:2045-53) Ó 2013 by The Society of Thoracic Surgeons C erebral blood flow (CBF) autoregulation remains functional during mild hypothermic cardiopulmonary bypass (CPB) when alpha-stat pH management is used, thus ensuring a steady supply of oxygenated blood to the brain over a wide range of blood pressures [1] . However, impairment of autoregulation is reported in up to 20% of adult patients during CPB, particularly during rewarming [2, 3] . In the absence of functional autoregulation, CBF is pressure passive, which may cause cerebral ischemia with low blood pressure or cerebral hyperemia with high blood pressure, predisposing patients to cerebral ischemia or edema and delirium, respectively [4] . We have previously reported that impaired autoregulation during CPB is associated with postoperative stroke [2, 3] .
Surgical repair of aortic aneurysms and aortic dissections often requires deep hypothermia (18 to 20 C) with circulatory arrest (HCA) or antegrade selective cerebral perfusion (SACP), or both. Several studies in neonates, infants, and adults have suggested that HCA impairs CBF autoregulation, with the magnitude of impairment attenuated by SACP [5, 6] . In those studies, only several discrete measurements of CBF were obtained in each individual while blood pressure was manipulated. Such autoregulation testing methods allow the determination of only the presence or absence of functional autoregulation at set testing intervals and may fail to account for the dynamic effects of other perioperative perturbations, including anemia, on autoregulation [7] [8] [9] .
CBF autoregulation can be monitored continuously in surgical and critically ill patients by measuring the moving linear regression correlation coefficient between low-frequency changes in near-infrared spectroscopy (NIRS)-measured regional cerebral oxygen saturation (rScO 2 ) and mean arterial blood pressure (MAP) [10] [11] [12] . In this instance, rScO 2 serves as a surrogate for CBF that compares favorably with transcranial Doppler measurement of CBF velocity. Continuous monitoring of CBF autoregulation might provide higher resolution than intermittent testing provides for determining the effects of HCA on cerebral homeostatic mechanisms. Further, NIRS-based methodologies will likely allow more widespread clinical application of autoregulation monitoring in patients, enabling blood pressure to be individualized during a surgical procedure. The purpose of this study was to determine the effects of HCA on CBF autoregulation measured continuously during operations with NIRS methods. We hypothesized that HCA would impair autoregulation compared with that measured before CPB and that of control patients undergoing aortic operations without HCA.
Patients and Methods
This study was approved by The Johns Hopkins Medical Institutions Investigational Review Board, and all enrolled patients provided written informed consent.
Inclusion Criteria
Eligible patients were those undergoing elective ascending or descending aortic replacement operations, with or without coronary artery bypass graft or valve operations, or both, with possible HCA. Patients who had emergency operations or preexisting chronic kidney disease that required dialysis were excluded.
Perioperative Care
Blood pressure was measured with a radial artery catheter, and nasal temperature was monitored as in routine institutional care. For operations involving the ascending aorta, blood pressure was measured through the left radial artery, and the right radial artery blood pressure was monitored when the operation involved the descending aorta. The transducers were kept level with the heart and zeroed before anesthesia induction. Blood pressure was monitored with a standard operating room hemodynamic monitor (Solar 8000i; General Electric Medical Systems, Milwaukee, WI).
Anesthesia was induced and maintained with midazolam, fentanyl, and isoflurane, with pancuronium or vecuronium given for skeletal muscle relaxation. Isoflurane was administered during CPB by the membrane oxygenator and maintained at less than 1.0%. Nonpulsatile CPB was initiated with a nonocclusive roller pump, a membrane oxygenator, and 27-mm arterial catheter filters, and was maintained at a flow rate of between 2.0 and 2.4 L/min/m 2 with alpha-stat pH management. Gas flow to the oxygenator during CPB was adjusted to maintain normocarbia based on continuous in-line arterial blood gas monitoring calibrated at least every hour with arterial blood gas measurements. Sodium bicarbonate was given if needed to treat metabolic acidosis. Antegrade selective cerebral perfusion was at 500 mL/min. Blood pressure targets and the rewarming rate during CPB were managed based on standard institutional clinical care.
Autoregulation Monitoring
Left-and right-sided frontal rScO 2 was monitored in all patients with INVOS (Somanetics, Inc, Boulder, CO) NIRS. Arterial blood pressure from an indwelling radial artery cannula was digitized and processed with a personal computer using ICMþ software (University of Cambridge, Cambridge, United Kingdom) by methods described previously [10, [12] [13] [14] [15] . Digital rScO 2 signals were processed directly with the same software. Signals were then filtered as nonoverlapping 10-second average values that were time-integrated, a method that is equivalent to applying a moving average filter with a 10-second time window and resampling at 0.1 Hz. This process eliminated high-frequency signals, such as those from respiration and heart rate, as well as oscillations and transients that occur below 0.05 Hzl. Signals were further high-pass filtered with a direct current cutoff set at 0.003 Hz to eliminate slow drifts associated with hemodilution, blood transfusions, cooling, and rewarming.
A continuous, moving Pearson correlation coefficient between MAP and rScO 2 was calculated to generate the cerebral oximetry index (COx). Consecutive, paired, nonoverlapping 10-second averaged values over 300 seconds' duration were used for each calculation, incorporating 30 data points. When autoregulation is intact, MAP and rScO 2 are not correlated, and COx approaches 0. When autoregulation is impaired, COx approaches 1, indicating that CBF is pressure-passive. On the basis of prior studies, we defined the lower limit of autoregulation (LLA) as that MAP where COx increased from less than 0.3 to 0.3 or higher [10, 16] . An example of an autoregulation recording is shown in Figure 1 .
Surgical Procedures
Patients were treated with standard surgical techniques that included ascending aortic, axillary, or femoral artery cannulation for CPB. The decision to use HCA was determined at the time of the operation according to whether aortic cross-clamping could be achieved without compromise of the cerebral vessels. Patients who received HCA were administered a standard dose of steroid for cerebral protection, and ice was packed around their head. The use of SACP through the innominate artery was determined by the operating surgeon based on perceived complexity of the aortic arch operation. All patients were rewarmed with a maximal gradient of 10 C between nasopharyngeal and heat exchanger water temperature.
Patient Outcome
The patients were monitored daily by clinical staff and trained research personnel who entered patient outcomes into a study database. The patients were specifically assessed for major organ morbidity or operative death. Operative death was defined as any death that occurred Ann Thorac Surg AUTOREGULATION AFTER CIRCULATORY ARREST 2013; 96:2045-53 during the hospitalization in which the operation was performed, even if after 30 days, or any death that occurred after discharge from the hospital, but within 30 days of the procedure, unless the cause of death was clearly unrelated to the operation. Major organ morbidity included stroke, mechanical lung ventilation exceeding 48 hours, low cardiac output syndrome (inotrope use >24 hours or new requirement for intraaortic balloon pump insertion), and acute kidney injury based on RIFLE (risk of renal dysfunction, injury to the kidney, failure of kidney function, loss of kidney function, and end-stage kidney disease) criteria [17] . The last in-hospital serum creatinine measurement (Roche Diagnostics, Indianapolis, IN) before the operation was considered to be baseline. The lower sensitivity of this assay is 0.1 mg/dL.
Data Analysis
For analysis of autoregulation data, the operation was divided into three phases. The pre-CPB phase was before initiation of CPB, the cooling phase was from initiation of CPB to beginning of HCA or rewarming, and the rewarming phase was from termination of HCA or beginning of rewarming to termination of CPB. Right and left rSco 2 and COx values were combined and averaged for all patients. The COx values were categorized into 5-mm Hg bins of MAP for determination of the LLA. The LLA was defined as the highest MAP associated with a COx of 0.3 or higher, as previously described [12, 13, 15] . For patients whose COx was 0.3 or higher at all MAP measurements, the LLA was defined as the MAP with the lowest COx [16, 17] . The rewarming rate was calculated as the quotient of difference in peak and nadir temperatures and duration of patient rewarming. Continuous data were compared by analysis of variance with Bonferroni correction for multiple comparisons. Dichotomous data were compared by the Fisher exact test. Nonparametric data were log transformed before analysis. Statistical analysis was performed with Stata 11 software (StataCorp LP, College Station, TX).
Results
From May 2003 to August 2012, we monitored 25 patients undergoing operations on the descending or ascending aorta or aortic arch, or both. Details of the surgical procedures are listed in Table 1 . In 6 of 13 patients who underwent HCA, SACP was used during a portion of HCA. Demographics and other characteristics were similar for the two groups of patients, except that previous cardiac operations were more common and the duration of CPB was longer for those undergoing HCA (Table 2) .
There was no difference between groups in arterial pH and partial pressures of arterial oxygen (PaO 2 ) and carbon dioxide (PaCO 2 ) during cooling and rewarming phases of the operation (Table 3) . Hemoglobin tended to be lower in the HCA group during the cooling phase of CPB compared with the non-HCA group (p ¼ 0.051). The results were similar in all phases between the two groups. The nadir temperature of the patients was 19.7 AE 2.3 C for those undergoing HCA and 28.1 AE 2.0 C for those without HCA (p < 0.001). The duration of cooling was longer in the non-HCA group, but the duration of 
CABG ¼ coronary artery bypass grafting; HCA ¼ hypothermic circulatory arrest. Table 4 .
Average COx values in each phase are shown in Figure 2 . Baseline COx did not differ between the HCA and non-HCA patients. During cooling, the average COx in each group did not differ significantly from baseline or between groups. During rewarming, average COx increased in the non-HCA patients compared with baseline (p ¼ 0.006), but COx did not change significantly in the HCA group. Average COx in the non-HCA group was higher than that in the HCA group during rewarming. The average COx exceeded 3 during rewarming in 4 patients (31%) in the HCA group and in 9 (75%) in the non-HCA group (p ¼ 0.047). For patients who underwent HCA, average COx did not change significantly from baseline, regardless of whether they had SACP, during any phase of the operation (Fig 3) .
The LLAs during the different phases of the operation are shown in Figure 4 . The LLA did not differ between groups before initiation of CPB. In the HCA group, the LLA tended to decrease during the cooling phase of the procedure compared with baseline but was not significantly different from baseline during rewarming. In the non-HCA group, the LLA did not alter during the cooling phase but was higher during the rewarming phase than at baseline. The LLA tended to be lower in the HCA group than in the non-HCA group during cooling (p ¼ 0.053), but there was no difference in the LLA between the two groups during rewarming (p ¼ 0.392).
Comment
In this study we found that CBF autoregulation measured with COx was not different during the cooling phase of CPB between patients who subsequently underwent HCA and those who did not. During rewarming, though, COx was higher in the non-HCA group than in the HCA group. Further, fewer patients in the HCA group than in the non-HCA group had abnormal COx during rewarming. There was no difference in the LLA between the surgical groups at baseline, but the LLA tended to be lower in the HCA group during cooling than in the non-HCA group. LLA did not differ between groups during rewarming. The use of SACP did not affect the average COx of patients undergoing HCA. Thus, in contrast to our hypothesis, autoregulation was preserved in patients undergoing HCA. Further, perfusion measures used for managing patients undergoing HCA may be protective against impaired autoregulation during patient rewarming compared with aortic operations without HCA.
In previous studies, we have shown that continuously correlating changes in rScO 2 against changes in MAP to generate an index of autoregulation is a clinically suitable surrogate of CBF for autoregulation monitoring [10, 14] . NIRS does not distinguish arterial from venous O 2 saturation. Because most intracranial blood is venous blood, rScO 2 provides an indicator of the ratio of cerebral O 2 supply and demand. Focusing on low-frequency (20-second to 2-minute) changes in rScO 2 over short periods of time reduces the effect of changes in cerebral O 2 demand on the measurements, thus providing an indicator of CBF. Monitoring COx provides a continuous assessment of autoregulation that is not subject to the motion or electrical artifact that occurs with transcranial Doppler monitoring. Thus, the use of COx allows for an assessment of CBF autoregulation throughout the operation, including before CPB, when the high use of a Continuous data are shown as mean AE standard deviation and categoric data as number (%). b Defined by RIFLE (risk of renal dysfunction, injury to the kidney, failure of kidney function, loss of kidney function, and end-stage kidney disease) criteria.
c Defined as inotrope use > 24 hours or new requirement for intraaortic balloon pump insertion.
d Defined as any death that occurred during the hospitalization in which the operation was performed, even if after 30 days, or any death that occurred after discharge from the hospital, but within 30 days of the procedure, unless the cause of death was clearly unrelated to the operation.
HCA ¼ hypothermic circulatory arrest. Although CBF autoregulation is functional during normothermic CPB when alpha-stat pH management is used, it may become perturbed at extreme body temperatures [1] . Greeley and colleagues [5] measured CBF using xenon-washout methods before, during, and after hypothermic CPB in neonates and children (age 1 day to 16 years) undergoing congenital heart operations. During moderate hypothermic CPB (25 to 32 C), CBF and MAP were not correlated, indicating functional autoregulation. In contrast to our findings, however, CBF and MAP were correlated during deep hypothermic CPB (18 to 22 C) in the study by Greeley and colleagues [5] , indicating impaired autoregulation.
Our findings that COx was preserved during hypothermia before HCA along with a trend for a lower LLA in the HCA vs non-HCA patients is consistent with our prior investigations. In a laboratory model of cardiac arrest, piglets resuscitated with mild hypothermia had a lower LLA than postcardiac arrest normothermic animals [18] . That study showed COx was accurate in detecting the LLA compared with Doppler methods. These data, along with our results, support that cerebral vasodilatory We have previously noted that patient rewarming from mild hypothermic CPB is associated with a high frequency of impaired CBF autoregulation [2, 3] . One explanation for this finding is inadvertent cerebral hyperthermia caused by CPB inflow close to the base of the cerebral vessels or underestimation of brain temperature from systemic temperature monitoring [19] . Experimentally, cerebral hyperthermia leads to impaired CBF autoregulation, breakdown of the blood-brain barrier, and intracranial hypertension [20] . Cerebral hyperthermia, though, would not seem to explain our findings of a higher COx during patient rewarming in the non-HCA group because the duration of rewarming and the number of patients with a peak nasopharyngeal temperature exceeding 37 C was actually higher in the HCA group. Further, the rate of patient rewarming was no different between groups, a finding supporting previous data showing the rate of rewarming does not influence autoregulation [21] . Aortic cannula positioning between the surgical groups (ie, closer to the cerebral vessels in the non-HCA group) or differences in cerebral vasculature for patients requiring HCA vs no HCA for aortic reconstructive operations could possibly explain the preserved autoregulation during rewarming in the former group.
We did not find that SACP influenced autoregulation after CPB, which is in contrast to the findings of Neri and colleagues [6] , who used transcranial Doppler to assess CBF autoregulation in adults undergoing elective aortic arch operations. In that study, CBF autoregulation immediately after the operation was functional in patients treated with SACP (n ¼ 25) but was impaired in patients undergoing operations with retrograde cerebral perfusion (n ¼ 19) or HCA (n ¼ 23). Autoregulation testing methods, as used by Greeley and colleagues [5] and Neri and colleagues [6] , are able to ascertain only the presence or absence of functional CBF autoregulation but are not capable of ascertaining dynamic aspects of autoregulation such as the LLA. Previously, we found that MAP at the LLA varies widely, from 40 to 90 mm Hg, in adults undergoing coronary artery bypass graft or valve operations, or both [14] . In some patients in prior studies, the MAP was possibly less than the LLA. Such an occurrence would explain the observed impaired autoregulation as opposed to disturbed microvasculature control of CBF.
Our study is associated with several limitations, including the small number of study patients. The small sample size precludes our ability to determine whether a relationship exists between impaired autoregulation and adverse patient outcome. The use of HCA was not randomized but based on surgical considerations. This method might have led to some undetected bias in our findings. Our findings may only apply to patients undergoing operations in which the temperature range, duration of HCA, cooling rate, duration of SACP, and rewarming rate were similar as those used in our study. Further, the accuracy of the autoregulation monitoring results is highly dependent on the accuracy and location of the arterial blood pressure measurements.
Regardless, these limitations do not detract from the primary finding that autoregulation is similar during the cooling phase of the operation for patients who subsequently undergo HCA and those who do not. During rewarming, unlike those in the HCA group, patients not undergoing HCA exhibited a high prevalence of impaired autoregulation.
In conclusion, for patients undergoing aortic reconstructive operations, HCA does not appear to adversely affect CBF autoregulation compared with standard cooling methods. Perfusion maneuvers associated with HCA may be protective against impaired autoregulation during rewarming compared with the non-HCA group.
